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Abstract
Nicotine is an active pharmacological ingredient in cigarette smoke, which may negatively influence the male reproductive system and
fertility. This study aims to investigate the effect of fractionated low-dose radiation (fractionated-LDR) and/or ellagic acid (EA) on
nicotine-induced hormonal changes and testicular toxicity in rats. Nicotine was administrated orally (1 mg/kg) for 30 days, afterward,
rats were treated with LDR (2 × 0.25 Gy/1-week interval), EA (10 mg/kg, 14 consecutive days p.o.), or a combination of both
fractionated-LDR and EA. Rats were sacrificed 24 h after the last dose of treatment, then testes were dissected for histopathology
examination, along with some biochemical parameters in serum and testicular tissue were evaluated. Nicotine-induced oxidative stress
was evidenced by an increase in testicular thiobarbituric acid reactive substances (TBARS) and a decrease in reduced glutathione
(GSH) content. Additionally, the activities of testicular androgenic enzymes were decreased, and the activity of serum lactate dehydrogenase (LDH) was significantly increased. The hormonal changes were verified by a noticeable reduction in follicle-stimulating
hormone (FSH), luteinizing hormone (LH), and testosterone serum levels. Histological evaluation revealed that the testicular seminiferous tubules structure was distorted. On the contrary, fractionated-LDR plus EA attenuated the negative changes caused by nicotine
observed through biochemical and histological findings. Accordingly, the exposure to fractionated-LDR combined with EA may be a
promising candidate for treating hormonal changes and testicular toxicity caused by nicotine.
Keywords Nicotine . Low-dose radiation . Ellagic acid . Oxidative stress . Hormones . Androgenic enzymes

Introduction
Nicotine probably accounts for 90% of the overall alkaloid of
cigarette smoke and is considered to have a detrimental effect
on male reproductive organs (Kavitharaj and Vijayammal
1999; Aydos et al. 2001). Numerous studies have shown that

nicotine adversely affects spermatogenesis, epididymal sperm
count, motility, and the fertilizing potential of sperms
(Oyeyipo et al. 2011; Ukwenya et al. 2020). Besides, nicotine
leads to various histopathological changes in testicular tissue
revealing atrophy, degenerative alterations, and sperm disturbance in several seminiferous tubules, along with increased
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interstitial spaces and a reduced number of Leydig cells (Mosbah
et al. 2015). Disruptions in the Leydig cells thus reduce the
biosynthesis of testosterone (Segarra and Strand 1989; Sarasin
et al. 2003), luteinizing hormone (LH) secretion (Funabashi et al.
2005), and testicular androgenic enzymes (Yamamoto et al.
1998). Nicotine’s deleterious toxic effects are at least partly due
to increased reactive oxygen species (ROS) production. ROS
caused damages to DNA, proteins, carbohydrates, and lipids
and affects the activity of enzymes (Bandyopadhyay et al.
2008; Sudheer et al. 2008). Moreover, nicotine is oxidized to
its main metabolite, cotinine, which has a long biological halflife and negatively affected sperm production, epididymal sperm
count, motility, and fertility (Aydos et al. 2001).
Numerous studies have investigated the beneficial effects of
low-dose radiation (LDR) namely “radiation hormesis” (Luckey
1982; Feinendegen 2005; Liu 2010). Hormesis induced by LDR
was extensively observed in various biological systems including
the reproductive, immune, and hematopoietic systems (Li et al.
2004; Ina et al. 2005; Liu et al. 2006). Besides, LDR-induced
adaptive response can render cells resistant to DNA or chromosome damage from exposure to high-dose radiation (Olivieri
et al. 1984; Feinendegen 2005; Yang et al. 2016). Such beneficial
effects of LDR tend to reach the peak at around 4 h postirradiation and persist for several hours or even weeks depending
upon the type of cell and tissue (Yamaoka et al. 1991).
Ellagic acid (EA) is considered to be one of the natural polyphenolic compounds that are present in nuts, multiple fruits like
pomegranate, berries, kiwi, grapes, apples, and assorted vegetables
(Devipriya et al. 2007). EA has earned the greatest attention of all
phytochemicals because of the variety of its physiological functions including, anti-carcinogenic (Umesalma and Sudhandiran
2011), antioxidant, anti-inflammatory, and anti-apoptotic properties (Chen et al. 2018).
The beneficial effects of fractionated-LDR in combination
with EA against nicotine-induced testicular toxicity have rarely been discussed in researches. The aim of this study is therefore to elucidate the mechanisms by which nicotine causes
hormonal changes and testicular dysfunction. In addition to
investigate the ameliorative effects of either fractionatedLDR, EA, or their combination on these changes. By
assessing different biochemical parameters including testicular oxidative stress content, androgenic key enzymes, and lactate dehydrogenase (LDH) activities, as well as the levels of
reproductive hormones, in addition to histological changes.

Material and methods
Animals
Experiments were performed on male Wistar rats, weighing
120–180 g, purchased from the National Research Center’s
animal breeding unit (Dokki, Giza, Egypt). The rats were
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permitted to acclimatize 1 week prior to the experiment under
the laboratory conditions of the National Center for Radiation
Research and Technology (NCRRT)–Atomic Energy
Authority (Nasr City, Cairo, Egypt). Rats were fed a standard
pellet diet obtained from the National Research Center
(Dokki, Cairo, Egypt) and allowed free access to water ad
libitum. All experiments were performed following the guidelines set by the Environment-European Commission (EEC)
(revised directive 86/609/EEC) and an ethical approval
(Permit no: PT 1175) was granted from the Ethical
Committee for Animal Experimentation, Faculty of
Pharmacy, Cairo University.

Irradiation protocol
Whole-body irradiation of rats was carried out at the NCRRT
using the Gammacell®-40 biological irradiator with a Cesium137 source (Atomic Energy of Canada Limited; Sheridan
Science and Technology Park, Mississauga, Ontario, Canada).
The Gammacell®-40 provides a radiation dose level at the rate
of 0.46 Gy/min during the time of the experiment. Accordingly,
per required irradiation exposure, non-anesthetized rats were
put in a plastic sample tray and left for the necessary period to
reach the required radiation dose level.

Chemicals and reagents
All chemicals and reagents were purchased either from SigmaAldrich (Saint Louis, Missouri, USA) or of the purest analytical
grade available. The enzyme-linked immunosorbent assay
(ELISA) kit for measuring hormones of follicle-stimulating hormone (FSH) was obtained from LifeSpan BioSciences, Inc.
(Seattle, Washington, USA), luteinizing hormone (LH) from
Elabscience Biotechnology Inc. (Houston, Texas, USA) and that
for testosterone from DRG® International, Inc. (Mountain Ave,
Springfield Township, USA). Besides, lactate dehydrogenase
(LDH) was measured by using a kinetic kit purchased from
BioSystems (Barcelona, Spain).

Drugs and dosage
Nicotine hydrogen tartrate (95% nicotine); was purchased from
Sigma-Aldrich Co. and 1 mg/kg was freshly prepared in normal
saline and administered to rats once daily for 30 days. The
selection of nicotine dose and/or duration of nicotine administration was based on numerous studies, for instance, Oyeyipo
et al. (2010), Kolawole et al. (2019), Mohamed and
Abdelrahman (2019), and Ukwenya et al. (2020). Moreover,
the nicotine dose was also chosen after carrying out a preliminary experiment where rats received nicotine at a dose of 0.5 or
1 mg/kg orally showed the extent of testicular damage, but the
oxidative stress in the testes was significantly shown at dose
1 mg/kg (the results are not shown).
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The cigarette smoke contains an average of 0.5–1.6 mg of
nicotine per cigarette and 60 mg dose would correspond to an
oral LD50 of around 0.8 mg/kg in human, a dose that is considerably smaller than the values determined for laboratory
animals (Hayes 1982; Okamoto et al. 1994; Bose et al.
2007). Therefore, 1 mg of nicotine/kg was used to make it
relevant to human exposure, though the LD50 of nicotine is
50 mg/kg in rats (Okamoto et al. 1994).
Ellagic acid (EA) was obtained from Alfa Aesar
(Karlsruhe, Germany) and dissolved in saline. According to
Türk et al. (2008); Celik et al. (2013), Girish et al. (2014), and
Georgy and Maher (2017), rats were given EA orally for
14 days at a dose of 10 mg/kg.
The rationale for choosing 14 days for treatment, a preliminary study was carried out to assess the persistence of testicular damage after stopping the administration of nicotine,
where a group of rats received 1 mg/kg of nicotine for 30 days
and then remained untreated for another 14 days. On day 45,
the rats were sacrificed and the testes were excised for histopathological studies and measuring the testicular contents of
thiobarbituric acid reactive substances (TBARS) and reduced
glutathione (GSH). The outcome of this study was that the
testicular damage was persistent until day 14. Consequently,
the treatment of adverse effects caused by nicotine administration started on day 31 and continued for a further 14 days
(the results are not shown).

Experimental design
The design of this study involved the following steps:
Step 1: A preliminary study was carried out to determine
the appropriate dose and regimen of LDR to treat
nicotine-induced testicular toxicity
The rats were randomly classified into five groups; 8
rats/group. Group I (normal control): Rats received oral saline
solution daily. Group II (nicotine group): Rats orally received
nicotine (1 mg/kg) once daily for 30 days. Groups III–IV
(nicotine + LDR): After 30 days of nicotine administration,
rats were exposed to single-dose levels of 0.25 and 0.5 Gy,
respectively. Group V: After 30 days of nicotine administration, rats were exposed to fractionated dose delivered as 2
fractions (each of 0.25 Gy) at a 1-week interval. One week
after the last radiation exposure, the rats were sacrificed and
the testes were dissected for measuring TBARS and GSH
contents. The outcome of this step was the selection of a
fractionated-LDR to treat nicotine-induced testicular toxicity
in rats (Supplemental figure 1).
Step 2: Study of the effect fractionated-LDR and/or EA
on testicular toxicity induced by nicotine
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The rats were randomly divided into five groups; 8
rats/group. Group I (normal control): Rats received normal
saline solution orally. Group II (nicotine group): Rats were
given nicotine orally for 30 consecutive days at a dose of
1 mg/kg. Group III (nicotine + LDR): After 30 days of nicotine administration, rats received the first and second radiation
fraction of 0.25 Gy on day 31 and 37, respectively. Group IV
(Nicotine + EA): After 30 days of nicotine administration, rats
were given EA (10 mg/kg, p.o.) for a further 14 days. Group V
(nicotine + LDR + EA): Rats received nicotine for 30 days
followed by treatment with both LDR and EA. On day 45, rats
were sacrificed and blood samples were withdrawn from the
heart for serum separation under light ether anesthesia, and
testes were excised. The right testis was used for histopathological studies and the left one was used to prepare 10% homogenate in different media according to the parameters to be
measured using a Glass-Col homogenizer (Terre Haute, IN,
USA). The homogenate was centrifuged using a Mikro 22R
centrifuge (Hettich GmbH, Tuttlingen, Germany).

Evaluation of oxidative stress biomarkers
For the determination of testicular lipid peroxidation, the testes were homogenized in a buffer containing 1.5% potassium
chloride. According to Uchiyama and Mihara (1978), the concentration of lipid peroxidation was calculated as TBARS and
measured colorimetrically using a Unicam 8625 UV/V spectrophotometer (Cambridge, UK) at 535 nm. On the other side,
testes homogenization in meta-phosphoric acid was used to
assess the concentration of GSH according to Beutler et al.
(1963), where 5,5`-dithio-bis (2-nitrobenzoic acid (DTNB)
was added to the supernatant to give a yellow derivative that
was spectrophotometrically measured at 412 nm.

Evaluation of androgenic enzymes activities
For measuring the activities of androgenic enzymes, the testes
were homogenized in 15% glycerol containing 5 mmol potassium phosphate and 1 mmol ethylenediaminetetraacetic acid
at a tissue concentration of 100 mg/ml. After centrifugation at
10,000×g for 30 min at 4 °C, the supernatant was divided into
two parts, one for measurement 3 beta-hydroxysteroid dehydrogenase (3 β-HSD) according to Talalay (1962), and the
other part for measuring 17 beta-hydroxysteroid dehydrogenase (17β-HSD) according to Jarabak et al. (1962). One unit
of enzyme activity is equal to a change in absorbance of 0.001/
min at 340 nm.

Hormonal study
According to the manufacturer’s instructions, serum FSH,
LH, and testosterone levels were measured by an ELISA kit.
The optical density of each sample was measured by using an
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ELISA plate reader (Dynatech® MR5000, Guernsey,
Channel Islands, UK) set at 450 nm.

Evaluation of lactate dehydrogenase activity
The activity of serum LDH was determined according to the
instructions from the manufacturer’s kit.

Histopathological examination
The rats’ testes were excised per group, washed, and then
fixed in Bouin’s solution for 24 to 48 h (Bilinska et al.
2018). The testes were dehydrated in graded ethanol series,
then cleared in xylene, embedded in paraffin blocks, and cut to
a thickness of 4–6 μm. The specimens were deparaffinized
using xylol and stained using hematoxylin and eosin (H&E)
for light microscopical examination (Bancroft and Stevens
1996). The testicular damage severity score was assessed according to Tuglu et al. (2015). Briefly, different parameters
were computed for each testicular section and the microscopic
score was graded on a scale of mild (+), moderate (++), and
severe (+++). These parameters comprised desquamation in
germinal cells, disorganization in germinal cells, interstitial
edema, degeneration in germinal cells, and reduction in germinal cell counts.
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combination of fractionated-LDR and EA tended to normalize
the testicular content of TBARS. Moreover, the administration of nicotine led to a severe drop in GSH content by 88% as
compared to the normal control (P < 0.05). Both fractionatedLDR and EA tended to prevent the decrease in GSH content
as it reached 74% and 62%, respectively, compared to normal
(P < 0.05). On the other hand, exposure to fractionated-LDR
combined with EA markedly guarded against the reduction in
GSH content which then reached only 36%, after nicotine
administration (Fig. 1b).

Effect of fractionated-LDR and/or EA on androgenic
key enzymes activities
The activities of 3β-HSD (Fig. 2a) and17β-HSD (Fig. 2b) in
testicular tissue were decreased significantly (p < 0.05) in the
nicotine group reaching 69% and 45%, respectively of normal
control. Whereas, treatment with either LDR (2 × 0.25 Gy) or
EA (10 mg/kg) has amended the inhibitory responses to these
testicular enzyme activities. In comparison, combination treatment (fractionated-LDR + EA) showed more propensity to
defend against the decline in androgenic key enzyme activities
induced by nicotine than the individual treatment.

Effect of fractionated-LDR and/or EA on reproductive
hormone levels

Statistical analysis
IBM SPSS Statistics for Windows, version 23.0 (IBM Corp.,
Armonk, N.Y., USA) was used for data management. Data
were checked for normality using the Shapiro-Wilk test and
were presented as the mean ± standard error of the mean
(SEM). Comparison of means was done using one-way analysis of variance (ANOVA). Because ANOVA is robust for
small departures from normality but not for heterogeneity of
variances, it was followed by Games-Howell post hoc test,
when the test of homogeneity of variances was significant
and followed by Duncan’s Multiple range tests when variances were not different. Probability values less than 0.05
(P < 0.05) was considered significant.

Results
Effect of fractionated-LDR and/or EA on oxidative
stress biomarkers
Figure 1a showed that the administration of nicotine-induced
a significant elevation in the testicular TBARS content by
62% as compared to the normal control (P < 0.05). Neither
exposure to LDR (2 × 0.25 Gy) nor administration of EA
(10 mg/kg) guarded against the increase in TBARS content
in comparison to the nicotine group. However, the

Nicotine-induced hormonal changes evidenced by a noticeable drop in FSH serum levels (Fig. 3a), LH (Fig. 3b), and
testosterone (Fig. 3c) relative to normal control reaching 55%,
59%, and 65%, respectively. Treatment with either LDR (2 ×
0.25 Gy) or EA (10 mg/kg) reversed the decline in these hormones, in comparison to the normal control (p < 0.05). On the
other hand, combined therapy (fractionated-LDR + EA)
showed a more pronounced effect than individual therapy in
restoring hormone levels after nicotine administration.

Effect of fractionated-LDR and/or EA on LDH activity
Lactate dehydrogenase (LDH) serum activity was assessed to
further examine the influence of LDR and/or EA on testicular
damage caused by the nicotine. As illustrated in Fig. 4, nicotine induced a substantial rise (P < 0.05) in serum LDH activity reaching 63% above normal. Treatment with either LDR
(2 × 0.25 Gy), EA (10 mg/kg) alone, or in combination tended
to normalize LDH activity.

Histopathological findings
Light microscopic analysis of normal control rats’ testicular
tissue revealed closely packed seminiferous tubules lined by
stratified germinal epithelium. Spermatogonia and Sertoli
cells rested on intact basement membranes (Fig. 5 a1). The
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Fig. 1 Effect of oral administration of nicotine (1 mg/kg) and treatment
with low-dose radiation (LDR, 2 × 0.25 Gy) and/or ellagic acid (EA,
10 mg/kg) on testicular a thiobarbituric acid reactive substances
(TBARS) and b reduced glutathione (GSH) content in rats. Results are
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represented as mean ± SEM (n = 8/group). Groups with different superscript letters above column are significantly different (P < 0.05). Groups
sharing the same superscript letters above column are non-significantly
different (P < 0.05)
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Fig. 2 Effect of oral administration of nicotine (1 mg/kg) and treatment
with low-dose radiation (LDR, 2 × 0.25 Gy) and/or ellagic acid (EA,
10 mg/kg) on testicular a 3 beta-hydroxysteroid dehydrogenase (3 βHSD) and b 17 beta-hydroxysteroid dehydrogenase (17β-HSD) activities

Environ Sci Pollut Res (2021) 28:23287–23300

in rats. Results are represented as mean ± SEM (n = 8/group). Groups
with different superscript letters above column are significantly different
(P < 0.05). Groups sharing the same superscript letters above column are
non-significantly different (P < 0.05)
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Fig. 3 Effect of oral administration of nicotine (1 mg/kg) and treatment
with low-dose radiation (LDR, 2 × 0.25 Gy) and/or ellagic acid (EA,
10 mg/kg) on serum a follicle-stimulating hormone (FSH), b luteinizing
hormone (LH), and testosterone c levels in rats. Results are represented as
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mean ± SEM (n = 8/group). Groups with different superscript letters
above column are significantly different (P < 0.05). Groups sharing the
same superscript letters above column are non-significantly different
(P < 0.05)
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spermatogenic cells consisted of several layers, namely the
spermatogonia, primary and secondary spermatocytes, and
spermatids. Narrow interstitium in-between the tubules
contained clusters of a few Leydig cells with an acidophilic

the normal tubular lumen contained spermatids (Fig. 5 d1).
However, the interstitial connective tissue showed edema
which appeared as deeply eosinophilic homogenous areas
in-between seminiferous tubules with a reduction of intersti-

Fig. 4 Effect of oral administration of nicotine (1 mg/kg) and treatment
with low-dose radiation (LDR, 2 × 0.25 Gy) and/or ellagic acid (EA,
10 mg/kg) on serum lactate dehydrogenase (LDH) activity in rats.
Results are represented as mean ± SEM (n = 8/group). Groups with

different superscript letters above column are significantly different
(P < 0.05). Groups sharing the same superscript letters above column
are non-significantly different (P < 0.05)

cytoplasm scattered between the seminiferous tubules and
blood vessels (Fig. 5 a2). After nicotine administration,
Fig. 5 b1 showed disorganization of spermatogenic cells within distorted shrunken seminiferous tubules with wide interstitium in-between. Additionally, the seminiferous tubules
showed a reduction in the thickness of the germinal epithelium
and wide empty lumina. In Fig. 5 b2, the spermatogenic cells
had different histological alterations including pyknotic nuclei, necrotic cells, and vacuolated cytoplasm. The number
of the cells in the spermatogenic series showed a marked decline in spermatogonia, primary and secondary spermatocytes
numbers. Besides, Sertoli cells with vacuolated cytoplasm
were seen, as a result, the damage severity score reached 3
(Table 1). Fractionated-LDR resulted in the disappearance of
most of the histopathological lesions induced by nicotine taking score 2 as illustrated in Fig. 5 c and Table 1. Similarly,
seminiferous tubules were protected by EA administration,
and the spermatogenic cells appeared regularly arranged and

tial cell number. A mild degree of germinal cell degeneration
and less orderly, non-cohesive germinal cells and closely
packed seminiferous tubules were seen (Fig. 5 d2). The best
protective effects emerged in the combination group (LDR +
EA) which revealed features approximately like those of the
normal control (Fig. 5e). Accordingly, there was no change in
the damage severity score from normal (Table 1).

Discussion
In the present study, nicotine-induced oxidative stress was
evidenced by a significant change in the concentrations of
testicular TBARS and reduced GSH. These findings are in
line with earlier studies (Jana et al. 2010; Oyeyipo et al.
2014; Ray and Majumder 2018). Various and interrelated
mechanisms may underlie the testicular toxicity induced by
nicotine. For instance, the induction of oxidative stress is
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Fig. 5 Representative photomicrographs of testes sections stained with
hematoxylin and eosin (HE) at different magnifications [× 200 (a1, b1,
c1, d1, e1) and × 400 (a2, b2, c2, d2, e2)]. a The testicular histological
sections of normal rats show (a1) active spermatogenesis in normal-size
seminiferous tubules with thin basement membranes (arrow), and (a2) the
spermatogenic cells consisted of many layers, primary and secondary
spermatocytes and spermatids (arrow). b In the nicotine group, the testicular tissue shows (b1) distorted shrunken seminiferous tubules with wide
interstitium (arrow), and (b2) the spermatogenic cells show pyknotic nuclei, necrotic cells, and vacuolated cytoplasm (arrow). c The testicular
tissue of rats exposed to fractionated low-dose radiation (LDR) show

23295

(c1) sloughed germinal cells with shrunken pyknotic nuclei and less distinct seminiferous tubule borders (arrow), (c2) disorganization of spermatogenic cells, and interstitial edema (arrow). d Oral treatment with
ellagic acid (EA) at a dose of 10 mg/kg, show (d1) spermatogenic cells
appeared regularly arranged within the seminiferous tubules and normal
tubular lumen contained spermatids (arrow) (d2) interstitial edema and
reduction of interstitial cells number (arrow). e Treatment with
fractionated-LDR in combination with EA show (e1) normal architecture
of seminiferous tubules (arrow), and (e2) narrow interstitium in-between
the tubules (arrow)
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Table 1 Effect of oral administration of nicotine (1 mg/kg) and treatment with fractionated low-dose radiation (LDR, 2 × 0.25 Gy) and/or ellagic acid
(EA, 10 mg/kg) on testicular damage severity score
Parameters groups

Desquamation
in germinal cells

Disorganization
in germinal cells

Interstitial
edema

Degeneration and
necrosis germinal cells

Reduction in
germinal cells

Normal (control)
Nicotine (1 mg/kg)
Nicotine + LDR (2×0.25 Gy)
Nicotine + EA (10 mg/kg)
Nicotine + LDR + EA

ND
+++
++
+
ND

ND
+++
++
+
ND

ND
++
+
ND
ND

ND
+++
+
ND
ND

ND
+++
+
+
ND

Mild (+), moderate (++), severe (+++), not detected (ND)

expected to affect the sperm cells because they are rich in
polyunsaturated fatty acids that make them vulnerable to
ROS attacks (Rajpurkar et al. 2000; Aitken and Baker 2006;
Bisht et al. 2017). As a result, it can induce lipid peroxidation,
alter DNA, RNA, and protein functions in spermatozoa and
other testicular cells (Darbandi and Darbandi 2016).
Moreover, the ROS can decrease the level of male reproductive hormones, and directly or indirectly disrupts the hormonal
balance by inducing oxidative stress or by acting on the release of the hormones from the hypothalamic axis, leading to
infertility (Appasamy et al. 2007; Spiers et al. 2015). That
mechanisms were elucidated in the findings of this study, in
which the activities of 3β-HSD and 17β-HSD which are the
key enzymes responsible for the synthesis of male reproductive hormones were decreased after nicotine administration
(Seema et al. 2007; Jana et al. 2010). Besides, the anterior
pituitary gonadotropic hormones (FSH and LH) were reduced
attributable to either the activation of oxidative stress or the
harmful effect of nicotine on the central nervous system by
inhibiting the neuronal stimulus required for pituitary gonadotropins release (Reddy et al. 1995). Furthermore, serum testosterone levels were significantly reduced as a consequence
of many factors: the decrease in FSH and LH levels that maintain testosterone levels via the hypothalamic-pituitarytesticular axis (Funabashi et al. 2005; Tweed et al. 2012;
Oyeyipo et al. 2013), disruption of testicular cytoarchitecture
which adversely affects the number and function of Leydig
cells (Oyeyipo et al. 2010), and/or the cholinergic nicotine
agonist activity which was reported to inhibit testosterone secretion (Kasson and Hsueh 1985). The observed reduction in
testosterone along with a decline in FSH and LH following
administration of nicotine is compatible with several previous
studies (Jana et al. 2010; Kolawole et al. 2019). Another
study, on the other hand, reported that the reduction in testosterone serum levels is concomitant with the rise in FSH and
LH serum levels. They assumed that nicotine has local testicular damaging effects and explained the rising of FSH and LH
by compensatory feedback mechanisms after testosterone reduction (Ramlau-Hansen et al. 2007).
Moreover, LDH is a cytoplasmic marker enzyme and
plays a major role in the process of spermatogenesis

(Kaur and Bansal 2004). In the current study, nicotine
administration caused an increase in LDH serum activity
which was taken as a reflection for testicular degeneration. According to Yildiz et al. (1999), the increment in
LDH activity may be due to oxidative stress induced by
nicotine, which can cause significant changes in the
molecular organization of lipids, resulting in increased
membrane permeability and infiltration of cytoplasmic
markers (such as LDH) into the circulation (Wetscher
et al. 1995; Madole et al. 2016).
Additionally, evidence of testicular toxicity was reflected
histologically by changes in the focal detachment of the basal
spermatogenic cells from their basement membrane and frequent deficiency of elongated mature spermatozoa in seminiferous tubules. Such histopathologic results were compatible
with Ray and Majumder (2018), who reported that the histological examination of testes revealed atrophy, degenerative
change in seminiferous tubules.
Various studies have been conducted on the beneficial effects of LDR in different models, for instance, El-Ghazaly
et al. (2015, 1985), Chen et al. (2000), and Nowosielska
et al. (2009). The study of Liebmann et al. (2004) showed that
the therapeutic effect of LDR is time and fractionation-dependent. In the same concept, El-Ghazaly et al. (2020), showed
that the fractionated-LDR (2 × 0.25 Gy) in the treatment of
arthritis was more effective than the single exposure
(0.5 Gy) could be due to the timing effect as the intervals
between the endpoint and the last dose of irradiation was not
equal (8 days vs. 1 day). On the same line, the present study
showed that fractionated-LDR at a total dose level of 0.5 Gy
(2 × 0.25 Gy/1-week interval) was capable to reduce the testicular toxicity induced by nicotine administration. Since, it
has been reported that LDR has antioxidant properties
(Kojima et al. 2002; Yoshimoto et al. 2012; Lee et al. 2013).
Therefore, it is possible to postulate that the beneficial effects
of LDR in this study may be partially mediated by its antioxidant properties and counteraction to oxidative stress. The
observed decrease in testicular content of TBARS was accompanied by an increase in reduced GSH. As a result, the levels
of reproductive hormones (FSH, LH, and testosterone), androgenic enzyme (3β-HSD, 17β-HSD) activities were increased,

Environ Sci Pollut Res (2021) 28:23287–23300

along with a reduction in LDH activity and histopathological
improvements. Our observations are in agreement with Zhao
et al. (2010), who reported that repetitive exposures to LDR
alleviate testicular apoptotic cell death, hormones serum levels
(FSH, LH, and testosterone), and testicular oxidative damage
and antioxidant contents (superoxide dismutase, catalase, and
GSH) induced by diabetes. Besides, the studies by Kojima
et al. (1998a,b), showed that exposure of mouse to LDR stimulates antioxidant production and protection from oxidative
damage as the levels of reduced GSH, glutathione reductase
(GR), γ- glutamylcysteine synthetase (γ-GCS), and
thioredoxin (TRX) elevated in either liver or brain shortly
post-irradiation with 50 cGy of gamma rays.
In earlier studies, EA demonstrated a defensive response
against testicular damage induced by various toxic agents such
as cisplatin (Türk et al. 2008, 2011), cyclophosphamide (Türk
et al. 2010), and adriamycin (Çeribaşı et al. 2012). Regarding the
present study, EA was considered to be effective at a dosage of
10 mg/kg in ameliorating the nicotine-induced testicular toxicity
and hormonal change. The treatment with EA after nicotine administration was found to guard against all the deranged biochemical parameters such as the oxidative stress, androgenic enzyme,
reproductive hormones, LDH, besides the histological changes
evoked by nicotine administration. The precise mechanism of
EA has not been fully detected. Numerous in vivo and in vitro
studies have demonstrated, as reviewed by Izquierdo-Vega et al.
(2019), that the beneficial impact of EA on male fertility may be
due in part to its antioxidant properties. Where the EA alleviates
oxidative damage through its radical-clearing properties (GarcíaNiño and Zazueta 2015; Akkoyun and Karadeniz 2016) as well as
potentiation of biological antioxidants and antioxidant enzymes
activities (Kannan and Quine 2011; Kaya et al. 2017; Chen et al.
2018). In parallel with the aforementioned studies, it has been
speculated that the observed improvement in the testicular toxicity
and hormonal change induced by nicotine might be related to the
antioxidant effect of EA.
Although the current study relied on the estimation of testicular contents of TBARS and reduced GSH as one of the
representative markers of oxidative stress. This may, however,
be considered as a limitation of our study, and further
evaluation of broader panels of biomarkers of oxidative
stress is required to reflect the prominent role of oxidative stress as a contributor to hormonal changes and
testicular toxicity induced by nicotine and to demonstrate the antioxidant effect of EA.
In conclusion, our study showed that oxidative stress may
have a contributed role in nicotine-induced hormonal changes
and testicular toxicity. Additionally, the current study elicited
that fractionated-LDR combined with EA might represent a
promising candidate for the amelioration of nicotine detrimental effects on rat testes, which is possibly attributable to their
combined antioxidant properties.
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